The aim of the study was to assess the effects of muscle responses on the trunk motions during repeated perturbations by external forces. Patients with low back pain have delayed muscle reflex latencies to perturbations compared with healthy controls. The perturbation provoked trunk accelerations were simulated by a model consisting of four rigid bodies and six force elements representing trunk and hip muscles. The influence of the muscle responses were assessed by varying the reflex delays, the reflex durations, and the reflex gains. Trunk accelerations can be reduced by the simulated muscle responses. The optimal solution is not the result of extreme values of the reflex delay and duration range but of intermediate values. The relationship between the trunk accelerations and the reflex delay and duration respectively can be described by asymmetrical ushape functions. As patients with low back pain showed delayed reflexes, their trunk motions are probably increased compared with healthy subjects.
INTRODUCTION
It has been shown that patients with low back pain (LBP) have delayed trunk muscle response latencies in relation to healthy controls when confronted with sudden external perturbations. Hodges and Richardson [10] investigated the temporal sequence of trunk muscle activity while the subjects performed rapid arm movements in response to a visual stimulus. Compared to the control subjects the contraction of the contralateral transversus abdominis and the lumbar multifidus was delayed in patients with LBP. Similar results were attained by Magnusson et al [14] . In their investigation the subjects were stressed by loads transmitted in the dorso-ventral direction to the shoulder. The reaction of the erector spinae was delayed and the reflex amplitude was lower in patients than in the control subjects. Patients with LBP also showed poorer postural control of the lumbar spine than the controls and a significant correlation exists between these two phenomena (Radebold et al [20] ). But also sudden releases of a load resulted in delayed responses of trunk muscles (Nötzel et al. [17] , Reeves et al. [22] , Wagner et al. [30] ). Cholewicki et al [4] showed that the delayed muscle reflex response significantly increases the odds of sustaining low back injuries. They argued that the delayed latencies appear to be a preexisting risk factor and not the effect of the injury.
The impairment of neuromuscular control in LBP patients could possibly exacerbate their condition by increasing tissue strain by more spinal displacement Vol. 33 No. 2 2014 221
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and stress by more spinal loading as Reeves et al [23] argued. Thus the question arises whether there is an optimal reflex latency and reflex duration which result in a minimal acceleration of the spine. However, it is hardly possible to variegate systematically the reflex latency and duration to evaluate the influence of these parameters on the spinal displacement in an investigation with healthy subjects. Reeves et al [23] developed a simple two masses model to simulate the dorsoventral movements of the trunk during seated balance. The simulations showed that prolonged reflex delays result in increased trunk displacement. In the study of Franklin and Granata [6] a dynamic biomechanical model consisting of seven masses and 90 muscle elements was implemented to investigate the role of reflex gain and delay in spinal stability. Between delay and gain an inverse relationship exist, namely with increasing reflex delay the gain must decrease in order to maintain spinal stability. No information is given about the motion amplitudes of the model bodies provoked by the external force. In the studies of Puta et al [19] and Liebetrau et al [13] the postural perturbation of the standing subjects was given by a tensile force transmitted to the shoulder. The perturbation resulted in lateral displacement of the trunk. Again the reflex latency was longer in the LBP patients compare with healthy subjects. However, in contrast to the dorso-ventral perturbations differences occurred between the ipsi-and the contralateral muscle coordination. Furthermore, the differences in the activation of the hip muscles obviously confirm the results of Mok et al [16] . They described a reduced so-called hip strategy during balancing in the patient group compared with the control subjects.
Driven by the study of Puta et al [19] Fritz and Wagner [7] simulated the lateral displacements of the trunk in relation to the reflex delay and the reflex duration by means of a biomechanical model. In context with the biomechanical model the word delay described the latency time between the onset of the perturbation and the onset of the muscle activity plus the electromechanical delay. The model consisted of four masses and six trunk and hip muscles. The lateral perturbation lasted 100 ms. Concerning the reduction of the trunk displacement optimal values of the reflex delay and the duration could be assessed. The optimal delay was given when the reflex excited increase of the muscle force starts before the lateral acceleration of the trunk changed the direction, namely from the ipsi-to the contralateral direction. This means that the delay must be shorter than the duration of the perturbation. The reflex duration had a minor effect on the displacements. But good results were attained with durations of 125 ms. These effects increased with increasing reflex gain.
At a multitude of workplaces and machinery the standing subjects are exposed to vibration. The vibrations are transmitted from the ground over the legs to the trunk and head. The relationship between the vibration and the ground reaction forces of the feet or the acceleration of the head were assessed in several studies e.g. Coermann [5] , Garg and Ross [8] , or Paddan and Griffin [18] . Another example of work related studies is given by Sousa et al [27, 28] , who investigated the influence of wearing unstable shoe construction on postural adjustment after external perturbations. The perturbations were provoked by an anterior-posterior horizontal force applied to the pelvic. Wearing shoes led to a reorganization of the postural control system associated to improved performance of the postural control responses. Physiological studies mainly focused on the importance of vision for controlling the position of the head and trunk in space. Buchanan and Horak [2] showed that during translational vibration in the anterior-posterior direction at relatively low frequencies visual information stabilized posture and enabled to maintain a fixed position of the head, whereas proprioceptive information was sufficient to produce stable coordinative patterns between the vibrating platform and the leg. The importance of vision could not be verified by Akram and Frank [1] who exposed the standing subjects to vibration of a platform rotating around the axis of the ankle at frequencies between 0.5 Hz and 2 Hz. Goodworth and Peterka [9] evoked frontal plane body sway by continuous pseudorandom rotations of the In contrast to these studies, Wagner et al [31] exposed healthy subjects to repeated external perturbations by a tensile force transmitted via the arm to the shoulder. The activity of antagonistic pairs of five trunk muscles was assessed by means of EMGs during perturbations with varying frequencies between 1 Hz to 8 Hz. As a result, at perturbations of 6 Hz to 8 Hz the muscle response was significantly reduced compared to the range of 1 Hz to 5 Hz. The maximum acceleration of the trunk was measured at 6 Hz.
In the present study with a modified version of the model developed by Fritz and Wagner [7] the effects of the repeated perturbations on the trunk movements should be simulated. The aim of the simulations was to aid the understanding of the relationship between the repeated perturbations and the differences in the muscle responses described in the study of Wagner et al [31] . To attain this not only the perturbation frequency but also the reflex delay, the reflex duration, and the reflex gain were varied during the simulations.
METHODS
For a better understanding of the results it is reasonable to shortly describe the biomechanical model of Fritz and Wagner [7] .
The model consists of four rigid bodies representing the two legs, the pelvis, and the upper trunk with the head and the arms respectively (Fig 1, Tab 1 Similar to a spring the forces of the visco-elastic force elements increase with the extension of the elements in reaction to the rotation of the model bodies provoked by the external perturbation. This passive force is superimposed by the reflexive force component (Fig 2) . Compared to real muscles the stiffness of the force elements is not increase by the reflexive force component. The time course of the reflexive force corresponds to a sinusoidal half-wave. The temporal difference between the onset of the perturbation force and the onset of the active muscle force is described by the reflex delay. Accordingly, the duration of the half-wave simulates the reflex duration and with the peak value the reflex gain can be varied. For the simulations the described parameters were varied as follows: temporal interval between the successive half-waves of the perturbation force: 100 ms to 1000 ms reflex delay: 0 to 170 ms reflex duration: 25 to 1000 ms and two reflex gains. Additionally, the motions were simulated without muscle reflex. In this case the gain was zero.
To assess the effect of the simulated muscle reflexes on the motions of the model bodies the lateral acceleration of a marker between neck and trunk was evaluated (Fig 1) . Negative values indicate accelerations to the ipsilateral side of the model and vice versa (Fig 3) . The differences between the positive and negative extreme values of the acceleration time courses (abbreviated DEA) were computed and compared between the simulated reflex conditions.
RESULTS
The external perturbation results in translational and rotational motions of the model bodies in the yz-plane (Fig 1) . By the perturbation force the model trunk is at first accelerated to the ipsilateral side of the perturbation (negative values in Fig 3) . After 66 ms and thus before the offset of the force the acceleration of the trunk changes to the opposite direction. Compared with the motion of the trunk the pelvis performs a kind of counter motion with smaller amplitudes than the trunk.
It is scarcely possible to show all effects resulting from the variation of the four parameters reflex delay, reflex duration, reflex gain, and perturbation interval in one single plot. Therefore, in the following figures (4, 5, 6, and 7) the effects are shown for representative examples.
With a constant reflex delay of 70 ms and a reflex duration of 100 ms the relationship between the DEA-values and the temporal interval between the successive perturbations is plotted in Fig 4. Independent of the reflex gain two ranges of high DEA-values can be detected in Fig 4. The high values are given at perturbation interval of 400 ms and 210 ms. These intervals are equivalent to perturbation frequencies of 2.5 Hz and approximately 5 Hz. In general, DEA-values decrease with increasing reflex gain.
To assess the optimal combination of the reflex delay and duration in relation to the perturbation interval the effects of these parameters on the DEA-values are shown in Fig 5 and are greater than 12 m/s 2 in the small area at the perturbation intervals of 210 ms and reflex delays between 0 ms and 40 ms (Fig 5) . At this interval the resonance vibrations of the model are excited. DEA-values lower than 3 m/s 2 result at delays between 70 ms and 100 ms combined with long intervals or with very short intervals of perturbation. At fixed perturbation intervals the relationship between the DEAvalues and the reflex delay can be described by asymmetrical u-shape functions. A similar plot is given when the constant reflex delay amounts to 0.07 s (valley of minimal DEA-values in Fig 5) and the reflex duration is varied (Fig. 6) . The DEA-values are greater than 11 m/s 2 in the small area at the perturbation interval of 210 ms and reflex durations shorter than 75 ms and longer than 0.333 ms respectively. DEA-values lower than 3 m/s 2 result at durations between 100 ms and 200 ms combined with long intervals or at very short perturbation intervals. Without the reflex response which corresponds to a reflex duration of 0 ms the greatest DEAvalues are given at the simulated perturbation interval of 210 ms.
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At the fixed perturbation interval of 210 ms the effect of increasing reflex delay and reflex duration on the DEA-values is shown in Fig 7. The greatest DEA-values result by a combination of short delays and short durations. The optimal combination is attained by the delay of 80 ms, the duration of 150 ms, and the reflex gain 2, which results in the minimal DEA-value at this perturbation interval. If the reflex delay or the duration takes great values the peaks of the reflexive muscle forces are reached after the onset of the successive perturbation resulting in an increase of the DEA-values (see right upper range of Fig 7) . In Figs 4 , 5, and 6 it can be detected that the temporal interval of 210 ms between the repeated perturbations results in the greatest simulated DEA-value. Regarding the definition of the term frequency, namely frequency is the number of occurrences of a repeating event per unit time, the perturbation interval of 210 ms corresponds to a frequency of approximately 5 Hz. According to the great DAE-Value, which is given in the condition without muscle reflex, this frequency can be accounted as the resonance frequency of the model. Likewise a multiple degree of freedom vibrating system a second resonance frequency is given at 2.5 Hz according to an interval of 400 ms. The resonance frequencies result by the interaction of the motions of the four rigid model bodies coupled to each other by the hinges and connected by the visco-elastic force elements.
DISCUSSION
Paddan and Griffin [18] investigated the transmission of translational floor vibration to the heads of standing subjects. During the exposure to lateral floor vibration the head motion occurred mainly in the lateral direction. From the frequency related magnitudes of the transmissibility to the head it can be derived that the resonance frequency of the body is given below 2 Hz and not at 5 Hz as in the model. However, from a mechanical point of view it is questionable if the two kinds of perturbation induce the same motion of the body. By the lateral floor vibration the feet are forced to lateral cyclic motions. To this perturbation the body reacts like an inverted pendulum which is linked to the feet. In contrast to floor vibrations in the present study the perturbation is given by a force transmitted by the arm to the trunk. The enforced lateral motion of the trunk can be minimized by an equivalent counter-torque. This torque is attained by temporal optimized muscle activity. Repeated perturbations of the human posture which were provoked by vertical forces transmitted to the shoulder were investigated by Wagner et al [31] by measurement of the electromyograms of ten trunk muscles and the lateral trunk acceleration. They found that simultaneously with the perturbation frequency the lateral acceleration of the trunk increased till a maximal value was achieved. Regarding median values the peak acceleration increased with the frequency in the range of 1 to 6 Hz. At the frequencies of 7 and 8 Hz the peak acceleration decreased. This frequency related variation of the peak acceleration is similar to the changes of the DEA-values in Fig 4. Rietdyk et al. [24] investigated single perturbations in the lateral direction and showed by their computations that the onset of the joint torques was synchronous with the joint angle change and occurred too early, namely 56 ms to 116 ms, to be result of active muscle contraction. They assessed the earliest change in joint torque due to active muscle contraction after 125 ms to 150 ms. From the relationship between the DEA-values and the reflex delay at increasing perturbation intervals or reflex durations it can be derived that a clear tendency for an optimal reflex delay is given (Figs 5 and 7) . The DEA-values are minimized by optimal delays between 70 ms and 100 ms, i.e. the increase of the reflexive muscle forces starts during the decrease of the perturbation force but before the offset on the force is achieved. Or regarding the time course of the trunk acceleration the muscle forces increase when the trunk is accelerated in the direction opposite the side of the perturbation (Fig. 3, positive acceleration values -contralateral  direction) . If the delay is shorter than 70 ms the increase of the muscle forces has the effect of an additional perturbation resulting in greater DEA-values. Longer delays have a minor effect on the DEA-values.
The optimal delay given by the simulation is overlapping the time of the spinal reflex. For example, Roby-Brami and Bussel [25] investigated the electromyographic flexor muscle responses evoked by electrical stimulation of ipsilateral peripheral nerves in patients with clinical complete spinal cord transection. The evaluation of the EMG-signals showed distinct early and late ipsilateral muscle responses. The latency of the early responses lasted approximately between 75 ms and 100 ms. Although these values correspond to the values of the optimal delay, a distinct difference exists between the latency and the delay in the simulation. The latency is the duration between the electrical stimulation and the electromyographic muscle responses.
The simulated delay is the time shift between the onset of the perturbation force and the onset of the reflex provoked muscle force (Fig 2) . Thus the delay is the sum of the reflex latency and the electromechanical delay (EMD). In the literature different values are given for the EMD. According to Jöllenbeck [11] the EMD of the biceps femoris or the semitendinosus muscle ranged between 38 ms and 47 ms. Van Dieën et al [29] assessed for the EMD of the erector spinae muscle mean values between 126 and 137 ms. Winter et al [32] investigated the EMD of the soleus muscle in men and women and found mean values of 40 ms and 45 ms respectively. However, comparing these EMD-values it must be regarded that dependent on the authors the EMD is the time shift between the onset of the electrical activity of the muscle and the onset of the muscle force or the time shift between the onset of the activity and the onset of movement as the result of the muscle force. Assuming an EMD-value of approximately 40 ms for the model muscles and an optimal reflex delay of 70 to 90 ms the resulting reflex latency amounts between 30 s to 50 ms. Puta et al [19] investigated the responses of hip
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and trunk muscles on a single perturbation in the lateral direction. They computed mean values of the responses of the contralateral muscles between 36 and 67 ms. The corresponding mean values of the ipsilateral muscles were higher and ranged from 64 to 99 ms. Similar mean values of the muscle latency were reported for example by Hodges et al [10] , Radebold et al [20] , or Reeves et al [22] . Furthermore, it could be clearly shown in the mentioned studies that low-back pain patients have longer muscle response latencies to external perturbation than healthy controls. Regarding this it was commonly assumed and confirmed in the study of Reeves et al [23] that the longer muscle latency of patients results in increased trunk displacements. This corresponds to the results of the present study namely that latencies longer than 50 ms and the appropriate reflex delays longer than 90 ms increase the acceleration of the trunk.
Reflex durations between 100 ms and 200 ms resulted in low DEA-values at the investigated perturbation frequencies (Fig 5) , especially in combination with reflex delays between 70 ms to 100 ms. For high frequencies (short perturbation intervals) the duration of the reflex has only a small effect on the DEA-values. An obvious effect of the duration is only possible if the duration is shorter than the interval between the repeated perturbations. In the inverse condition the first perturbation provokes the reflex and the following perturbations start before the offset of the preceding reflexes. This results in an approximately constant enhancement of the muscle activity and hereby in a stiffer model. The model motions were simulated with reflex durations between 25 ms and 1000 ms. According to Chaffin et al [3] realistic durations of simple twitches of skeletal muscle depend on the type of the fibres that compose the muscle and can last longer than 200 ms. To the twitch duration the reflex delay must be added. Thus a distinct effect of the muscle reflexes seems to be possible only at perturbation frequencies lower than 5 Hz (Fig 5) .
Against the background of the delayed muscle latency of patients with LBP the effects of single perturbations were investigated in several studies (e.g. Cholewicki et al [4] , Lawrence et al [12] , Magnusson et al [14] , Puta et al{19], Radebold et al [20] , Reeves et al [22] ) whereas repeated perturbations as simulated with the model were investigated by Wagner et al [31] only. In contrast to this repeated perturbations of the standing subject provoked by vibrating platforms were investigated with different aims. Physiological effects of those continuous perturbations or vibrations were investigated by Akram and Frank [1] , Buchanan and Horak [2] , or Goodworth and Peterka [9] . Standing on the vibrating platform requires changes in the coordinative pattern of head, trunk, and leg motions to accommodate the different forces acting on the body. Hereby vision seems to be important for controlling the position of the head and trunk in space. Buchanan and Horak [2] showed that during translational vibration in the anterior-posterior direction at relatively low frequencies ( 0.1 Hz -1.25 Hz) visual information stabilized posture and enabled to maintain a fixed position of the head, whereas proprioceptive information was sufficient to produce stable coordinative patterns between the vibrating platform and the legs. The importance of vision could not be verified by Akram and Frank [1] . Regarding their results the addition of a concurrent cognitive task did not affect the balance strategies adopted by the subjects. The lack of interference between the cognitive task and the postural task might be explained by the fact that the investigated vibration induced very small centre of gravity displacements. Goodworth and Peterka [9] evoked frontal plane body sway by continuous pseudorandom rotations of the surface (frequency spectrum 0.023 Hz -16.7 Hz). The subjects had either eyes-open or closed and adopted various stance widths. The motions of the centre of gravity were reduced in the eyes-open trials compared with the eyes-closed condition. Lower and upper body sway was approximately in-phase at low frequencies (< 1 Hz) and out-ofphase for the higher frequencies across all stance widths.
Another aim of the vibration investigations was the assessment of the ratio between the motions of the platforms and the motions of the human body or the forces transmitted between the feet and the ground. The resulting frequency related functions of the ground to head transmissibility, the apparent mass, or the impedance were used to reduce the vibration stress of standing machinery operators. Such functions were assessed for example by Miwa [15] or Paddan and Griffin [18] . From the magnitudes of the functions it can be derived that the resonance frequency of the body sway is given below 2 Hz under horizontal lateral vibration.
Simulating the motions provoked by the repeated perturbations in the model the six muscle groups responded with the same reflex delay. Under single perturbation Puta et al [19] measured by means of EMG longer latencies for the ipsilateral muscles compared with the corresponding muscles on the contralateral side. The ratios between the latencies of the ipsi-and contralateral side distinctly differed between the eight recorded muscles. Regarding these differences it cannot be prognosticated that under repeated perturbations temporally coordinated muscle responses are possible. Unfortunately Wagner et al [31] assessed the intensity of the muscle reflexes under repeated perturbations but not the latencies. Concerning the figure presented in the study of Sandover [26] it can be assumed that under vertical vibration stress of seated subjects that active responses of the back and abdominal muscles is possible and that the activities change in a phasic manner to the provoked pitch movements of the trunk. However, Sandover [26] gave no information about the frequency range in which these alternative muscle responses were measured.
CONCLUSION
Repeated external perturbations at the shoulder result in lateral motions of the trunk and provoke responses of the muscles. By means of the biomechanical model it can be shown that the muscle reflexes reduce the accelerations compared to the condition without a reflex. The reduction of acceleration in relation to the reflex delay and the reflex duration respectively can be described by u-shape functions. This means that the optimal reduction is not the result of the minimal or maximal values of the delay and the duration but of intermediate values. The increase of the reflex gain increases these effects.
The results of the present study are indicating, that reflex delays of about 70 ms to 100 ms seem to be optimal to reduce the acceleration of the upper body for repeated perturbations at the eigenfrequency of the upper body. As the simulated reflex delays are within the physiological range of measured reflexes it can be assumed that the delayed reflexes of LBP patients may have a negative influence with increasing stresses for the muscular-skeletal system.
